In this work, HVAC (Heating, Ventilation and Air Conditioning) systems applied in university buildings with control based on PMV (Predicted Mean Vote) and aPMV (adaptive Predicted Mean Vote) indexes are discussed. The building's thermal behavior with complex topology, in transient thermal conditions, for summer and winter conditions is simulated by software. The university building is divided into 124 spaces, on two levels with an area of 5931 m 2 , and is composed of 201 transparent surfaces and 1740 opaque surfaces. There are 86 compartments equipped with HVAC systems. The simulation considers the actual occupation and ventilation cycles, the external environmental variables, the internal HVAC system and the occupants' and building's characteristics. In this work, a new HVAC control system, designed to simultaneously obtain better occupants' thermal comfort levels according to category C of ISO 7730 with less energy consumption, is presented. This new HVAC system with aPMV index control is numerically implemented, and its performance is compared with the performance of the same HVAC system with the usual PMV index control. Both HVAC control systems turn on only when the PMV index or the aPMV index reaches values below −0.7, in winter conditions, and when the PMV index or the aPMV index reaches values above +0.7, in summer conditions. In accordance with the results obtained, the HVAC system guarantees negative PMV and aPMV indexes in winter conditions and positive PMV and aPMV indexes in summer conditions. The energy consumption level is higher in winter conditions than in summer conditions for compartments with shading, and it is lower in winter conditions than in summer conditions for compartments exposed to direct solar radiation. The consumption level is higher using the PMV control than with the aPMV control. Air temperature, in accordance with Portuguese standards, is higher than 20 • C in winter conditions and lower than 27 • C in summer conditions. In Mediterranean climates, the HVAC systems with aPMV control provide better occupants' thermal comfort levels and less energy consumption than the HVAC system with PMV control.
Introduction
Large amounts of carbon dioxide are emitted to the atmosphere by transportation systems, energy production, industry, and buildings. Owing to the urgent need to reduce the ecological footprint of these activities, alternative solutions to the use of fossil fuels should be taken.
The solution involves two decisive factors, namely energy efficiency and the substitution of the use of polluting fossil energy sources by clean renewable energy sources such as the sun, wind, and requirements for the occupied spaces, creating three comfort categories, category A (−0.2 ≤ PMV ≤ +0.2), category B (−0.5 ≤ PMV ≤ +0.5) and category C(−0.7 ≤ PMV ≤ +0.7) [10, 12] .
The use of the PMV index in the study of human thermal comfort revealed some shortcomings in its practical application. The thermal balance model overestimates the occupants' responses under high temperature conditions, and underestimates them in low temperatures [13] . Consequently, different thermal comfort models, named adaptive models, were developed. These adaptive models are based on field studies, while the thermal balance model was based on laboratory studies [14] . The concept of adaptive thermal comfort is based on the principle that when changes occur in environmental conditions that generate thermal discomfort, people react psychologically, physiologically or through behavioral changes in order to restore their comfort (please see [13, [15] [16] [17] ). In Yao et al. [18] , the authors developed a theoretical model of thermal comfort, which they called the Adaptive Predicted Mean Vote (aPMV) model. This model is based simultaneously on non-psychological and psychological factors. They proposed an adaptive coefficient that reflects the psychological, physiological, and behavioral human adaptations to the individual perception of indoor thermal comfort evolution. The aPMV model and its development and theoretical foundation are presented in detail in Yao et al. [18] .
Following this work, other approaches were developed where this model was applied in practical cases, or in which new adaptive coefficients were proposed. For example, in Singh et al. [19] , an adaptive thermal comfort model that considers both the season and the climate zone where the building is built is developed. In Conceição et al. [20] , an adaptive thermal comfort model is applied to evaluate the thermal comfort of classrooms in a school, in winter and summer conditions. This model was experimentally developed using simultaneous indoor and outdoor environmental parameter monitoring and a questionnaire survey during typical summer, mid-season and winter days of a year. The indoor environmental variables (air temperature, air relative humidity and mean radiant temperature) and the outdoor air temperature were measured by sensors. The questionnaire survey was used to obtain the thermal sensation responses of the occupants accordingly to climate variations and their adaptation to it. The difference between the thermal responses of the occupants and those obtained by the Fanger model can calculate the adaptive coefficient. The results obtained show a relation between the adaptive coefficient and the outdoor temperature, thus a dependence of the type of climate where this coefficient was experimentally obtained. Comparing the results obtained with the PMV index with the results obtained with the aPMV index, it is shown the aPMV extends the comfort range 9% on average. In Conceição et al. [14] another adaptive thermal comfort model is developed, where its adaptive coefficient also depends on outdoor temperature. The results obtained allow to conclude that the developed model ensures that the classrooms analyzed have good thermal comfort levels. Other researchers have also developed, analyzed, and applied this new adaptive thermal comfort concept. For more details, please see papers [21] [22] [23] .
Current HVAC control systems can be divided into two types: air temperature regulator (ATR) and thermal comfort regulator (TCR). Most TCR controllers use as a performance criterion the PMV comfort index, or the effective temperature. When it is desired to simultaneously control energy consumption and maintain thermal comfort and indoor air quality within the values considered adequate by the standards, the operation of the HVAC system control becomes complex [24] . In the optimization of HVAC control systems, different strategies have been used. In Afroz et al. [25] a rather extensive review of the modeling techniques is presented, proposed in the last 10-15 years, used to improve the HVAC systems control strategies. In this study, the weaknesses, strengths, applications, and performances of these modeling techniques are discussed. During the last decade, HVAC control systems modeling techniques have become more complex, taking into account, simultaneously occupants' thermal comfort, indoor air quality, regulatory requirements, and energy savings. This kind of research is not usually found in the literature, because developing an effective and accurate model to represent reality becomes a huge challenge for researchers [25] . Another perspective in the literature is the absence of rigorous simulation tools to perform complex topology buildings energy calculations, making it possible to design and compare several HVAC control strategies [26] . There is also a lack of information in literature on the simulation of the thermal behavior of complex buildings with a large number of air-conditioned spaces, as in the public building presented in this study. Homod et al. [6] proposed a HVAC control system based in a Takagi-Sugeno PMV fuzzy model which is tuned by Gauss-Newton nonlinear regression algorithm. Their main conclusions are the possibility of directly control the thermal sensation of the conditioned space, and indirectly control associated variables like air temperature and air relative humidity. Ferreira et al. [27] proposed an artificial neural network to estimate the PMV index more efficiently, used as a restriction in a predictive control scheme. The obtained models show good input variables estimation accuracy and ensure good levels of comfort in conditioned spaces with energy consumption savings. This approach was refined in [28] , minimizing not the electricity but its price, employing schedules, and incorporating self-powered wireless sensors [29] and an intelligent weather station [30] in the hardware. In Ku et al. [31] , a study with a wireless sensor network using PMV as a variable to be controlled is presented. The used control model is based on an adaptive neurofuzzy inference system and a particle swarm algorithm. The experimental results obtained in this study shows the effectiveness of the control methods used, while keeping the PMV value within the expected range, and energy savings of more than 30%. Xu et al. [32] developed a computationally efficient PMV model approximation and a "model-based periodic event-triggered mechanism (ETM)" in order to optimize the handling of the uncertainties of the building operation. In Conceição et al. [24] , a numerical simulation of the performance of an HVAC system control based on the PMV index, applied in a building with complex topology is developed. In that study, the thermal comfort of the building's occupants and the HVAC energy consumption are evaluated. The application of the proposed control technique guarantees, simultaneously, good thermal comfort performance and energy savings.
In recent years, research that intends to improve, simultaneously, the energy efficiency of HVAC systems, occupants' thermal comfort and indoor air quality has been developed. In 2009, Guo and Zhou [33] found that the use of better system operation and control algorithms will allow HVAC systems to be operated in an energy saving mode, as well as providing good thermal comfort and air quality levels to occupants, according to standardization requirements. Moon and Jung [34] developed a control algorithm that consists of two artificial neural network based predictive and adaptive models, that shows an improvement in building thermal comfort and energy efficiency, in the cooling season. Homod [35] developed a novel control algorithm based on the Takagi-Sugeno-Kang Fuzzy inference strategy. Its performance was tested, and the obtained results showed an improvement in indoor thermal comfort, as well a significant energy consumption reduction. Schirrer et al. [36] presents a nonlinear modular model predictive optimal control that simultaneously controls the heating and cooling of the spaces in a low-energy office building. The results showed that thermal comfort for the user and building energy efficiency are achieved with excellent control performance and robustness.
The aim of this work is to develop a new type of HVAC control system based on aPMV index and evaluate its performance numerically, by comparing it with the more usual HVAC control system based on PMV index. In this work, the comparison with the most widely used indoor air temperature control is not done, because thermal comfort also depends on other variables, rather than air temperature. The purpose of this new control system is to obtain simultaneously good human thermal comfort levels and energy savings, in a real public building. The inputs of this system are the indoor air temperature, indoor air relative humidity, mean radiant temperature, indoor air velocity, and outdoor air temperature, among other variables.
In this work, HVAC systems commonly applied in University buildings with control based on PMV and aPMV indexes are used. A numerical simulation is performed by software that simulates the building's thermal behavior with complex topology, in transient thermal conditions, for summer and winter conditions. This is discussed in Section 2. The set point values for the PMV and aPMV HVAC control are −0.7 in winter conditions and +0.7 in summer conditions. The indoor air temperature, the PMV index and the aPMV values obtained in several compartments, representative of the building use, are presented and discussed in Section 3, as well as the HVAC systems total energy consumption. Conclusions are drawn in Section 4.
Methodology

Numerical Model
The numerical model used in this work simulates the thermal response of buildings with complex topology. The model is based on the balance integral equations of energy and mass and works in transient conditions (please see [37] for details). The mass balance integral equations, developed for the water vapor and the air contaminants, considers the accumulated mass and the mass flux due to the convection, diffusion, and others. The energy balance integral equations, developed for the air, the different transparent bodies, the interior bodies, and the opaque bodies of the building, consider the accumulated sensible heat and the heat flux due to the conduction, convection, radiation, evaporations and others. In the resolution of the equation system, the Runge-Kutta-Felberg method with error control is used.
The input data are the buildings geometry (introduced in a three-dimensional design software), the boundary conditions, the materials thermal proprieties, the outdoor environmental and geographical conditions, the initial conditions, the several heat and mass loads, the occupation cycle, the occupants' clothing and activity levels, and the air ventilation topologies. More details on the numerical model are described in Conceição and Lúcio [5, 38] .
The model was validated for school buildings under winter conditions in Conceição et al. [39] and in summer conditions in Conceição and Lúcio [40] . The geometry of the building, that considers a school building with different levels and shading devices, used in both validation tests present similarities to the one used in the present study.
The validation tests consider a school building located in the Mediterranean region. In the modern school building analyzed, three floors, 97 compartments, 1277 building main bodies and 211 windows' glasses were considered. The experimental external environmental variables (the external air temperature, air velocity and air relative humidity and the wind direction) were used as inputs in the numerical model, while the experimental internal environmental variables (air temperature), in some selected rooms, were used in the numerical model validation. All measured data were stored in dataloggers located in the school building. The validation showed a good match between numerical and experimental results.
Numerical Methodology
The numerical study was performed with a university building, mainly consisting of offices, classrooms and laboratories. The building is divided into 124 spaces, on two floors with an area of 5931 m 2 , and is composed of 201 transparent surfaces and 1740 opaque surfaces. There are 86 compartments equipped with HVAC systems in this building. The perspective of the building and its structure can be seen, respectively, in Figures 1 and 2 . In Figure 3 , a scheme of the implemented methodology in this work is presented. The building simulation has the following inputs:
• Building geometry (opaque, transparent, and interior bodies);
• Building bodies properties;
• Outdoor environmental variables: air temperature (Tout), air relative humidity (RHout), wind direction (Dair), and wind velocity (Vair); • Occupation and ventilation cycles; • Personal parameters: clothing level (Icl) and activity level (M);
• HVAC control type: PMV or aPMV control. Each defined time interval, the building simulation program calculates the following:
• Solar radiation; In Figure 3 , a scheme of the implemented methodology in this work is presented. The building simulation has the following inputs:
• According to the implemented HVAC control system and depending on the strategy used for winter and summer conditions, so the HVAC system will be switched on or off. • Radiation and convection coefficients;
• Indoor environmental variables: air temperature (Tin), air relative humidity (RHin), mean radiant temperature (MRT) and air velocity (Vin); • Carbon dioxide concentration;
• PMV and aPMV thermal comfort indexes;
• HVAC thermal power consumption. According to the implemented HVAC control system and depending on the strategy used for winter and summer conditions, so the HVAC system will be switched on or off. The external conditions, used in the numerical simulation, correspond to the usual values obtained for a typical summer day and for a typical winter day, in a Mediterranean climate. The direct and diffuse solar radiation distributions have been calculated numerically from a set of empirical equations [41] . The external conditions, used in the numerical simulation, correspond to the usual values obtained for a typical summer day and for a typical winter day, in a Mediterranean climate. The direct and diffuse solar radiation distributions have been calculated numerically from a set of empirical equations [41] .
In Table 1 , the occupation cycle (number of occupants per room during each time period) for the analyzed spaces (4 classrooms) are presented. Classrooms are designated by the number assigned to the compartment and, in brackets, by the orientation of their glazed surfaces (S-South; E-East; W-West).
These compartments have the following characteristics: According to the expected activity to be developed in a typical classroom, the metabolic level considered was 1.2 met. The clothing level considered was 1 clo for a typical winter day, and 0.5 clo for a typical summer day.
Adequate airflow rates are absolutely essential to ensure indoor air quality by constant renewal and maintenance of low levels of pollutants. The occupation cycle data are used to calculate the ventilation flows necessary to maintain the indoor air quality. This is because the airflow renewal rates are proportional to the number of occupants, according to their metabolic rates, and the consequent emissions of carbon dioxide. In this study, the option was to use a single value (35 m 3 /(h·person) of airflow renewal rate) that respects the Portuguese standard and that guarantees the dilution of the pollutant load according to the activity developed by the occupants [42] . When the space is occupied, the minimum airflow rate per room is calculated by the product of the number of occupants by the air renewal rate. When the rooms are not occupied, it was considered 1 renovation rate per hour, due to infiltration.
In this study, two types of HVAC control systems are implemented: PMV index control and aPMV index control. For both types of controls, whether in summer or winter conditions, the HVAC system only operates when spaces are occupied, and when the indoor environment is thermally uncomfortable. The objective of this control system is to maintain the comfort index within category C, with a maximum of 15% of people dissatisfied, that is, with a PPD (Percentage of People Dissatisfied) index of 15% [10] . There is a relationship between PPD and PMV indexes, which it is given by a Gaussian curve [10] . The operation of the HVAC control system used was presented in Conceição et al. [24] , only for the PMV index control type. The HVAC system controlled by the aPMV index operates in a similar way. In winter conditions, the HVAC system is activated, turning on the heating system at its maximum power, when the PMV index or the aPMV index reaches values below −0.7 (PPD > 15%), and it is turned off when the PMV index or the aPMV index reaches values above −0.7. In summer conditions, the HVAC system is activated, turning on the cooling system, when the PMV index or the aPMV index reaches values above +0.7 (PPD > 15%), and turning it off when the PMV index or the aPMV index reaches values below +0.7. However, the HVAC system can continue to operate when the PMV index or the aPMV index reaches values slightly above −0.7 in winter conditions, or when the PMV index or the aPMV index reaches values slightly below +0.7 in summer conditions, due to the thermal inertia of the air-conditioned spaces.
Results and Discussion
The numerical simulation results are presented for a typical summer day and a typical winter day. However, in order to evaluate the real building thermal inertia, the previous five days were also simulated. Indoor air velocity, mean radiant temperature, indoor air relative humidity and other personal and building variables were calculated for every step of the numerical simulation. These values change during the simulation period and are used to evaluate the PMV and aPMV indexes.
These results refer to typical classrooms with windows facing south (6), east (17) and west (47 and 99). In the figure legends, "S" means South, "E" means East and "W" means West, that is, the orientation of the compartments' windows. In Figures 4, 8 and 14 , the red line establishes the upper limit temperature (27 • C) foreseen by the Portuguese standard [43] for summer conditions. In Figures 6, 11 and 17, the blue line establishes the lower limit temperature (20 • C) foreseen by the Portuguese standard [42] for winter conditions. The Portuguese standard [43] considers that the indoor air temperature must be in the range of 20 • C to 25 • C. However, in case of a hybrid building, such as the building under study in this work, the upper limit of indoor air temperature may be extended up to 27 • C.
In Figures 5, 7 , 9, 12, 15 and 18, the brown lines delimit category C of thermal comfort according to ISO 7730 [10] .
Case Study 1: HVAC System Off
This numerical case study was developed for the situation where the HVAC system is not actuated by any automatic control system. It will be used as a reference to evaluate the behavior of the two control systems proposed in this work.
Summer Conditions
For a typical summer day conditions, the air temperature and PMV index for the four selected compartments (6, 17, The results show that, in summer conditions, during the occupation period, the indoor air temperatures calculated in each compartment are very high, between 30 and near 36 °C, much higher than 27 °C recommended by the Portuguese standard [43] . The highest indoor air temperature evolution during the occupation cycle is verified in compartment 99, because it is easily exposed to solar radiation, due to its location on the first floor. Compartment 17 also has high indoor air The results show that, in summer conditions, during the occupation period, the indoor air temperatures calculated in each compartment are very high, between 30 and near 36 °C, much higher than 27 °C recommended by the Portuguese standard [43] . The highest indoor air temperature evolution during the occupation cycle is verified in compartment 99, because it is easily exposed to solar radiation, due to its location on the first floor. Compartment 17 also has high indoor air 
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Category C Figure 5 . HVAC system off: Predicted Mean Vote (PMV) index evolution obtained for a typical summer day.
The results show that, in summer conditions, during the occupation period, the indoor air temperatures calculated in each compartment are very high, between 30 and near 36 • C, much higher than 27 • C recommended by the Portuguese standard [43] . The highest indoor air temperature evolution during the occupation cycle is verified in compartment 99, because it is easily exposed to solar radiation, due to its location on the first floor. Compartment 17 also has high indoor air temperatures, because it has the highest thermal load, with an occupancy index of 0.162 occupants per m 3 of room volume. Compartment 49 has the lowest indoor air temperature evolution during the occupation cycle, because it has the lowest thermal load, with a ratio of 0.074 occupants per m 3 of room volume, and it is partially shaded by an adjacent building located East of its windows.
The results allow to conclude that, in summer conditions, all the evaluated compartments presented unacceptable thermal comfort conditions, during the occupation period, by positive values of the PMV index (above +0.7), according to category C of ISO 7730 [10] .
Winter Conditions
For a typical winter day conditions, the air temperature and PMV index for the four selected compartments (6, 17 , 47 e 99) are presented in Figures 6 and 7, respectively. temperatures, because it has the highest thermal load, with an occupancy index of 0.162 occupants per m 3 of room volume. Compartment 49 has the lowest indoor air temperature evolution during the occupation cycle, because it has the lowest thermal load, with a ratio of 0.074 occupants per m 3 of room volume, and it is partially shaded by an adjacent building located East of its windows.
For a typical winter day conditions, the air temperature and PMV index for the four selected compartments (6, 17 , 47 e 99) are presented in Figure 6 and 7, respectively. In winter conditions, during the period of occupation, the indoor air temperatures calculated in each compartment are low, between 15 and 20 °C, below 20 °C, the value recommended by the Portuguese standard [43] . Compartment 99 is the one that presents an evolution of the indoor air temperature closer to 20 °C because it receives the highest solar radiation level.
It can be seen that all compartments present unacceptable thermal comfort conditions, during the occupation cycle, by negative values of the PMV index (below −0.7), according to category C of ISO 7730 [10] .
Case Study 2: HVAC System Operation With PMV Index Control
This numerical case study was developed for the situation where the HVAC system is actuated by a simulated PMV index control system.
Summer Conditions
For a typical summer day conditions, the air temperature, the PMV index and the power consumption for the four selected compartments (6, 17, 47 e 99) are presented in Figure. 8, 9 and 10, respectively. In Figure 10 , the negative sign for power means that the power consumed is utilized to cool the indoor environment (summer conditions). In winter conditions, during the period of occupation, the indoor air temperatures calculated in each compartment are low, between 15 and 20 • C, below 20 • C, the value recommended by the Portuguese standard [43] . Compartment 99 is the one that presents an evolution of the indoor air temperature closer to 20 • C because it receives the highest solar radiation level.
Case Study 2: HVAC System Operation With PMV Index Control
Summer Conditions
For a typical summer day conditions, the air temperature, the PMV index and the power consumption for the four selected compartments (6, 17, 47 e 99) are presented in Figures 8-10 , respectively. In Figure 10 , the negative sign for power means that the power consumed is utilized to cool the indoor environment (summer conditions). 
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Category C Category C Figure 8 . HVAC system operation with PMV index control: numerical indoor air temperature evolution obtained for a typical summer day. 
PMV t (h)
Room_6S Room_17E
Category C Category C Figure 9 . HVAC system operation with PMV index control: PMV index evolution obtained for a typical summer day. Figure 10 . HVAC system operation with PMV index control: power consumption evolution obtained for a typical summer day.
In Table 2 , the daily energy consumption (E) and the energy consumption by room volume (E/V) are presented, for each compartment, in summer conditions, for PMV control. According to the obtained results, in summer conditions, the indoor air temperature is around 27 °C, as recommended by the Portuguese standard [43] . During the period of occupation, the temperature in compartments 6, 47 and 99 is relatively constant at 26 °C and in compartment 17 oscillates slightly at around 27 °C.
In Figure 9 and 10, it can be observed that HVAC system only operates when the compartments are occupied:
• In the time period from 8:30 to 17:15 h, the control system operation keeps all compartments thermally comfortable within the limits of category B [10] : compartment 6 is thermally comfortable by positive PMV values; compartments 17, 47 and 99 are thermally comfortable by negative PMV values;
• From 17:15 to 18:45 h, the control system operation keeps all compartments thermally comfortable by negative PMV values within the limits of category C [10] .
The HVAC system cannot reduce the temperature to 25 °C since all the compartments have a good area of glazed surfaces and their orientation towards East, West or South allow them to receive good levels of incident solar radiation during long periods of the day. However, the HVAC system is able to maintain the indoor air temperature within the extended limit provided by the Portuguese 
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Room_6S Room_17E Room_47W Room_99W Figure 10 . HVAC system operation with PMV index control: power consumption evolution obtained for a typical summer day.
In Table 2 , the daily energy consumption (E) and the energy consumption by room volume (E/V) are presented, for each compartment, in summer conditions, for PMV control. According to the obtained results, in summer conditions, the indoor air temperature is around 27 • C, as recommended by the Portuguese standard [43] . During the period of occupation, the temperature in compartments 6, 47 and 99 is relatively constant at 26 • C and in compartment 17 oscillates slightly at around 27 • C.
In Figures 9 and 10 , it can be observed that HVAC system only operates when the compartments are occupied: The HVAC system cannot reduce the temperature to 25 • C since all the compartments have a good area of glazed surfaces and their orientation towards East, West or South allow them to receive good levels of incident solar radiation during long periods of the day. However, the HVAC system is able to maintain the indoor air temperature within the extended limit provided by the Portuguese standard [43] . The peaks of power consumption occur at the beginning of the periods of operation of the HVAC system. The cooling power varies between 2.7 and 4.6 kW in compartment 99 (which has the highest daily energy consumption: 34.77 kWh), and between 1 and 3 kW in compartment 17 (which has the daily energy lowest consumption: 20.76 kWh). The cooling power is higher in compartment 99 due to its good exposure to incident solar radiation. The lowest energy consumption by room volume is obtained in compartment 47: 0.123 kWh/m 3 .
Winter Conditions
For a typical winter day conditions, the air temperature, PMV index and power consumption for the four selected compartments (6, 17 , 47 e 99) are presented in Figures 11-13 , respectively. In Figure 13 , the power positive sign means that the power consumed is utilized to heat the indoor environment (winter conditions).
standard [43] . The peaks of power consumption occur at the beginning of the periods of operation of the HVAC system. The cooling power varies between 2.7 and 4.6 kW in compartment 99 (which has the highest daily energy consumption: 34.77 kWh), and between 1 and 3 kW in compartment 17 (which has the daily energy lowest consumption: 20.76 kWh). The cooling power is higher in compartment 99 due to its good exposure to incident solar radiation. The lowest energy consumption by room volume is obtained in compartment 47: 0.123 kWh/m 3 .
For a typical winter day conditions, the air temperature, PMV index and power consumption for the four selected compartments (6, 17 , 47 e 99) are presented in Figure 11 , 12 and 13, respectively. In Figure 13 , the power positive sign means that the power consumed is utilized to heat the indoor environment (winter conditions). 
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Room_47W Room_99W Figure 11 . HVAC system operation with PMV index control: numerical indoor air temperature evolution obtained for a typical winter day. In Table 3 , the daily energy consumption (E) and the energy consumption by room volume (E/V) are presented, for each compartment, in winter conditions, using PMV control. In Table 3 , the daily energy consumption (E) and the energy consumption by room volume (E/V) are presented, for each compartment, in winter conditions, using PMV control. 
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Room_6S Room_17E Room_47W Room_99W Figure 13 . HVAC system operation with PMV index control: power consumption evolution obtained for a typical winter day.
In Table 3 , the daily energy consumption (E) and the energy consumption by room volume (E/V) are presented, for each compartment, in winter conditions, using PMV control. In winter conditions, the indoor air temperature should be above 20 • C, as recommended by the Portuguese standard [43] . During the period of occupation, the temperature in all compartments is relatively constant between 22 and 23 • C.
In Figures 12 and 13 , it can be observed that the HVAC system only operates when the compartments are occupied:
• From 10:00 to 18:45 h, the control system operation maintains all the compartments (except compartment 99, for a brief period of time) thermally comfortable, for some periods within the limits of category B, otherwise within the limits of category C [10] , always by negative PMV values; • From 8:30 to 10:00 h and 17:15 to 18:45 h, the control system operation cannot keep the compartments thermally comfortable: they all are thermally uncomfortable by negative PMV values.
The heating power varies between 1.6 and 7.9 kW in compartment 6 (which has the highest daily energy consumption of 30.54 kWh; and between 1.2 and 3.8 kW in compartment 17, responsible for the lowest daily energy consumption, with 16.23 kWh. The highest heating power occurs in compartment 6. The lowest energy consumption by room volume is achieved for compartment 99, with 0.118 kWh/m 3 .
The total daily energy consumption (for the four studied compartments) is higher in summer conditions (107.3 kWh) than in winter conditions (93.6 kWh), as expected for a building located in a Mediterranean climate. However, compartments 6 and 47 have higher energy consumption in winter conditions than in summer conditions. This occurs because these compartments are partially shaded, thus reducing the needs for cooling power during the summer.
As expected, the use of this type of HVAC control system, compared to the reference situation (HVAC system off), makes the compartments thermally comfortable, both in summer and winter conditions, for most of their period of occupancy.
Case Study 3: HVAC System Operation With aPMV Index Control
This numerical case study was developed for the situation where the HVAC system is actuated by a simulated aPMV index control system.
Summer Conditions
For a typical summer day conditions, the air temperature, the aPMV index and the power consumption for the four selected compartments (7, 17, 47 e 99) are presented in Figures 14-16 , respectively. In Figure 16 , the negative signs for power mean that the power consumed is utilized to cool the indoor environment (summer conditions). In Table 4 , the energy consumption (E) and the energy consumption by room volume (E/V) are presented, for each compartment, in summer conditions, using aPMV control. According to the obtained results, in summer conditions, the indoor air temperature is around 27 °C (maximum value recommended by the Portuguese standard) [43] . During the occupation period, temperatures in compartments 6, 47 and 99 oscillate between 26 and 27 °C, and between 27 °C and 29 °C in compartment 17.
In the Figure 15 and 16, it can be observed that the HVAC system only operates when the compartments are occupied:
• From 8:30 to 17:15 h, the control system operates to keep all the compartments thermally comfortable within the limits of category B [10] : compartment 17 is thermally comfortable by positive aPMV values; compartments 6, 47, and 99 are thermally comfortable by negative or positive aPMV values, depending on the occupation period (please see Figure 15 );
• This type of HVAC control has no significant peaks of power consumption; the HVAC system start-up, in all compartments, is very smooth, as it can be observed in Figure 16 . During normal 
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Room_6S Room_17E Room_47W Room_99W Figure 16 . HVAC system operation with aPMV index control: power consumption evolution obtained for a typical summer day.
In Table 4 , the energy consumption (E) and the energy consumption by room volume (E/V) are presented, for each compartment, in summer conditions, using aPMV control. According to the obtained results, in summer conditions, the indoor air temperature is around 27 • C (maximum value recommended by the Portuguese standard) [43] . During the occupation period, temperatures in compartments 6, 47 and 99 oscillate between 26 and 27 • C, and between 27 and 29 • C in compartment 17.
In the Figures 15 and 16 , it can be observed that the HVAC system only operates when the compartments are occupied:
• This type of HVAC control has no significant peaks of power consumption; the HVAC system start-up, in all compartments, is very smooth, as it can be observed in Figure 16 . During normal operation, power consumption increases smoothly from 8:30 to 13:30 h in all compartments; during the remaining period of operation, it can be considered almost constant. The cooling power ranges from 3 to 4 kW in compartment 99 (the one with the highest energy consumption of 30.55 kWh), and between 1.2 and 2.2 kW in compartment 17 (which has the lowest energy consumption of 17.09 kWh). The cooling power is higher in compartment 99, due to its good exposure to incident solar radiation. The lowest energy consumption by room volume is achieved in compartment 47: 0.115 kWh/m 3 .
Winter Conditions
For a typical winter day conditions, the air temperature, the aPMV index and the power consumption for the four selected compartments (7, 17, 47 e 99) are presented in Figures 17-19 , respectively. In Figure 19 , the power positive sign means that the power consumed is utilized to heat the indoor environment (winter conditions). For a typical winter day conditions, the air temperature, the aPMV index and the power consumption for the four selected compartments (7, 17, 47 e 99) are presented in Figure 17 , 18 and 19, respectively. In Figure 19 , the power positive sign means that the power consumed is utilized to heat the indoor environment (winter conditions). In Table 5 , the daily energy consumption (E) and the energy consumption are presented by room volume (E/V), for each compartment, in winter conditions, for aPMV control. In Table 5 , the daily energy consumption (E) and the energy consumption are presented by room volume (E/V), for each compartment, in winter conditions, for aPMV control. 
Qair (W) t (h)
Room_6S
Room_17E
Room_47W Room_99W Figure 19 . HVAC system operation with aPMV index control: power consumption evolution obtained for a typical winter day.
In Table 5 , the daily energy consumption (E) and the energy consumption are presented by room volume (E/V), for each compartment, in winter conditions, for aPMV control. In winter conditions, the indoor air temperature is above 20 • C, as recommended by the Portuguese standard [43] . During the period of occupation, the temperature in all compartments varies smoothly between 21 and 23 • C.
In Figures 18 and 19 , it can be observed that the HVAC system only operates when the compartments are occupied. During the occupation period, the control system operation keeps all the compartments thermally comfortable, varying within the limits of category B [10] , all by negative aPMV values.
Small peaks of power consumption occur at the beginning of the HVAC system operation. During normal operation, power consumption decreases smoothly from 8:30 to 13:30 h in all compartments; the power consumption in all compartments during the remaining period of operation can be considered almost constant. The heating power is higher in compartment 47. Heating power ranges from 1.0 to 5.0 kW in compartment 47 and between 1.2 and 3.8 kW in compartment 17. The highest daily energy consumption is obtained in compartment 6 (26.95 kWh) and the lowest in compartment 17 (14.00 kWh). The lowest energy consumption by room volume occurs in compartment 99: 0.105 kWh/m 3 .
The total energy consumption of the four studied compartments is higher in summer conditions (95.5 kWh) than in winter conditions (83.0 kWh), as expected for the Mediterranean climate where the building under study is located. In compartments 17, 47 and 99, the results confirm this tendency; however, compartment 6 has higher consumption in winter conditions (26.95 kWh) than in summer conditions (24.56 kWh). This is explained by the partial shading of this compartment's windows, reducing the need for cooling power during the summer.
Comparative Study
In this work, a numerical simulation is developed to evaluate the energy consumption of an HVAC system with two types of control: control by the PMV index and control by the aPMV index. Simultaneously, it also evaluates the thermal behavior of the compartments conditioned by these HVAC systems. Table 6 summarizes the simulation results for a typical summer day, and for a typical winter day. It presents the daily energy consumption in each compartment, and in all the four selected compartments, for the control methods used. The use of the aPMV HVAC control, compared with the use PMV HVAC control presents relevant improvements, namely:
• Lower total energy consumption, both in summer conditions (95.5 kWh vs. 107.3 kWh) and in winter conditions (83.0 kWh vs. 93.6 kWh); • It guarantees that during the period of occupation, both in summer conditions and in winter conditions, the studied compartments are always thermally comfortable within categories C, or even B [10] .
Although aPMV HVAC control performs better than PMV HVAC control, it should only be applied in Mediterranean-type environments, because this aPMV model was only developed using experimental data from a Mediterranean environment. For other types of environments, the PMV HVAC control should be applied, because this model was developed for HVAC Systems environments.
Conclusions
In this work, the performances of HVAC systems, controlled using the PMV and the aPMV indexes, are obtained for a University building, using a software that simulates the building thermal behavior, under transient conditions. In this evaluation, the indoor air temperature, the PMV and aPMV indexes, and the HVAC power consumption in all compartments of the building, are numerically obtained, for summer and winter conditions. The PMV index and aPMV index values for each compartment are obtained from the average values of the environmental variables previously calculated for them. This numerical simulation takes into account the influence of the surrounding buildings on the thermal behavior of the building under study. In this work, the results obtained for four selected compartments are presented, as representative of the study carried out.
According with the obtained results, the performance of the HVAC system with aPMV control has lower total daily energy consumption than the HVAC system with PMV control, either in summer conditions or in winter conditions, for the selected compartments. The aPMV control system achieves the lowest total daily energy consumption of 95.5 kWh vs. 107.3 kWh, in summer conditions, and 83.0 kWh vs. 93.6 kWh in winter conditions. The energy consumption level is higher in winter conditions than in summer conditions for compartments with shading structures, and it is lower in winter conditions than in summer conditions for compartments exposed to direct solar radiation.
During the occupation period, the use of HVAC system with control by the aPMV index guarantees, both in summer conditions and in winter conditions, that the selected compartments are thermally comfortable, within categories C, or even B [10] , by negative aPMV values in winter conditions, and, most of the time, by positive aPMV values in summer conditions. This is more difficult to achieve using PMV control.
Regardless of the control system used (the PMV index or the aPMV index) in the HVAC systems operation, the calculated indoor air temperature values are around 20 • C, in winter conditions, and around 27 • C, in summer conditions, as recommended by the Portuguese standard [43] as comfortably acceptable.
In conclusion, in Mediterranean climates, HVAC systems with aPMV control perform better than HVAC systems with PMV control, not only improving occupants' thermal comfort levels, but also reducing energy consumption. However, aPMV control can only be used in this type of climate, because the aPMV model was specifically developed for a Mediterranean environment. For other environmental conditions, HVAC systems with PMV control, developed by Fanger for all HVAC systems, should be used.
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